Tramadol is a complex drug, being metabolized by polymorphic enzymes and admin- Homozygosity of CYP2B6 *5 and *6 indicated a reduced enzyme function, although further studies are required to confirm it. In conclusion, the increase in enantiomer ratios over time might possibly be used to distinguish a recent tramadol intake from a past one. It also implies that, even though (+)-O-desmethyltramadol is regarded the enantiomer most potent in causing adverse effects, one should not investigate Abbreviations: AUC, area under the concentration curve; DRS, drug-related symptoms; EM, extensive metabolizer; IM, intermediate metabolizer; LOQ, limit of quantification; NDT, N-
the (+)/(−)-enantiomer ratio of O-desmethyltramadol in relation to side effects without consideration for the time that has passed since drug intake.
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| INTRODUCTION
Tramadol is a relatively weak opioid with a dual mechanism of action, acting both as a μ-opioid receptor agonist and a neurotransmitter reuptake inhibitor. Tramadol is administered as a racemate, with the (+)-and (−)-enantiomers of the parent compound and their metabolites showing different pharmacological effects that synergistically accomplish pain relief. 1 The (+)-enantiomer of tramadol is most potent in inhibiting serotonin reuptake, while (−)-tramadol preferentially inhibits noradrenaline reuptake. 2 The (+)-enantiomer of the metabolite O-desmethyltramadol (ODT) is, however, exerting most of the opioid effects, having the highest affinity and highest potency to the μ-opioid receptors. 3 The general interpretation of previously performed and published studies on humans is that (+)-ODT is the enantiomer most potent in relieving pain as well as in causing adverse effects. 4 The tramadol enantiomers have, however, been proposed to cause adverse effects related to abuse and overdose of the drug. 5 The CYP2D6 enzyme is accountable for the formation of ODT ( Figure 1 ). Individuals may be classified as poor (PMs), intermediate (IMs), extensive (normal) (EMs) or ultrarapid metabolizers (UMs)
according to the metabolic activity of the CYP2D6 enzyme, determined by either phenotyping or predicted from genotyping. Several studies have consistently showed that PMs, in comparison to EMs, have an increased exposure to (+)-and (−)-tramadol combined with a reduced formation of especially (+)-ODT but also of (−)-ODT.
UMs, on the contrary, are expected to form higher amounts of (+)-
ODT than EMs and to be more prone to opioid-related adverse effects. 4 Comparisons between EMs and UMs are, however, sparse in scientific literature. Apart from ODT, there are two additional primary tramadol metabolites, N-desmethyltramadol (NDT), and N,Odidesmethyltramadol (NODT) ( Figure 1 ). NDT is pharmacologically inactive, while NODT may exert some opioid effects. 3 Formation of NDT is mediated by the CYP2B6 and CYP3A4 enzyme, whereas the metabolism route of NODT is less assured. However, all three enzymes; CYP2D6, CYP2B6, and CYP3A4 are candidates ( Figure 1 ). 6 The CYP2B6 gene, in similarity with CYP2D6, is highly polymorphic although less studied. 9 and is affecting the pharmacokinetics and pharmacodynamics of several drugs. [10] [11] [12] To better understand the pharmacological and adverse effects of tramadol, its metabolism and the influence of genetic polymorphisms, the use of enantioselective analytical methods and genotyping are of importance in studies of tramadol. Only two of the tramadol sterioisomers are administered as the racemic drug; the enantiomeric pair of 1R,2R (+) and 1S,2S (−). 13 Tramadol and its three main metabolites thus give rise to four pairs of enantiomers in the blood following drug intake. To our knowledge, all eight compounds have not been simultaneously determined in a study population earlier. The overall aim of the present study was therefore to obtain such metabolic profiles in healthy volunteers receiving a single, therapeutic dose of tramadol. The enantioselective method needed for conducting such a study has previously been developed and validated. 14 Specifically, the following research questions and hypotheses were posted:
1 Can interindividual differences in enantioselective metabolic profiles be explained by CYP2D6, CYP2B6, and/or CYP3A4 genotype?
The hypothesis is that interindividual differences are better explained by the combined genotype of all three enzymes involved in the metabolism of the drug, rather than by CYP2D6 itself.
2 Is there a correlation between (+)/(−)-enantiomer ratios of tramadol or its metabolites and time following drug administration?
To our knowledge, this has not been investigated in a study population previously, although there are indicators of such a relation in literature. Rudaz et al. showed that enantiomer ratios of all four compounds in urine changed over time in one individual administered 100 mg tramadol. 15 
| MATERIALS AND METHODS

| Study population
The present study was based on analysis of blood samples collected in conjunction to a previous survey. 16 
| Pharmacokinetic assessments
The enantioselective analysis of tramadol, ODT, NDT, and NODT in whole blood was performed at the National Board of Forensic Medicine in Linköping, Sweden, using a validated LC-MS/MS-method that has been described in detail previously. 14 between the stability samples and the fresh control samples at 24 months was in the range of −6% to −11% at the low concentration level and 0.5%-5% at the high concentration level. The predetermined limit of acceptance was ±25%.
| Genetic assessments
Genomic DNA was extracted using the Arrow Blood DNA 500 μL For CYP2D6, gene multiplication and 15 alleles were investigated; 
using the FDA approved xTAG CYP2D6 Kit v3 (Luminex, Austin, TX). Allele *3, *4, *5 and *6, as well as gene multiplication have been investigated also previously, using pyrosequencing technology. 16 There were no discrepancies between the two different methodologies used. There is no true consensus on how to perform the classification of certain genotypes into phenotypes. 4, 17, 18 In the present study, the guidelines of the Dutch Pharmacogenetics Working Group (DPWG) were used, which are also internationally recognized (www.pharmgkb.org), have been published, and which are used for dose recommendations. elongation was performed at 72°C for 10 minutes before the reaction was finalized at 4°C. Pyrosequencing was performed as previously described, 16 using the primer sequences and dispensation orders given in Falk et al. 20 For CYP3A4*22, Taqman analysis was used as described earlier. 21 Alleles without any of the investigated polymorphisms were designated as functional wild-type alleles (*1).
| Pharmacokinetic and statistical calculations
Pharmacokinetic and genetic assessments were successfully performed in the blood samples of all participants. However, concerning five participants, blood samples could not be obtained at all 17 time points. From four of the individuals, there was one blood sample that could not be drawn, and from one individual there were three samples missing. This was due to different reasons, for example, a not properly working peripheral venous catheter. 
| RESULTS
| Metabolic profiles
The mean concentration vs time curves for the enantiomers of tramadol and its three main metabolites are shown in Figure 2 . The pharmacokinetic parameters AUC, C max , t max and t 1/2 are given in Table 1 , where wide ranges implicated large interindividual differences. Those differences are further depicted in Figure 3 (Table 2) .
Two other individuals, subject 02 and 14, showed metabolic profiles consisting of the smallest AUCs of the NDT enantiomers and, with the exception of the CYP2D6 PMs, the smallest AUCs of the NODT enantiomers (Figure 3 ). Both individuals were CYP2D6 EMs with the CYP2B6 genotype *6/*6 and *5/*5, respectively ( Table 2 ).
The differences in metabolic profiles of those two subjects compared to the other CYP2D6 EMs are further illustrated in 
| DISCUSSION
| Metabolic profiles
This study describes the enantioselective pharmacokinetics of tramadol and its three main metabolites simultaneously. Previously, only less numerous enantiomer pairs have been studied concurrently.
The observed mean and median values of AUC, C max , t max , and t 1/2 regarding tramadol, ODT, and NDT are in accordance with previous studies that also administered a single, oral dose of 50 22 and 100 mg. [22] [23] [24] [25] However, data available in literature reflects the pharmacokinetics in plasma and serum, while the present study presents the pharmacokinetics in whole blood. Enantiomeric pharmacokinetic parameters of NODT have previously only been reported following a 200 mg extended-release formulation. 26 Great interindividual differences in drug exposure were apparent, illustrated by the metabolic profiles of the four enantiomer pairs regarding adverse effects following tramadol administration is that the frequency and intensity is related to the concentrations of (+)-
ODT. The higher the concentration, the higher risk of side effects and toxicity. 4, 6 However, review authors have expressed a need of more studies before a relationship between CYP2D6 metabolizer status and tramadol adverse effects might be established. 28, 29 In the present study, the individual experiencing most DRS was the one The significance of CYP2B6 polymorphisms in tramadol pharmacokinetics has not been carefully investigated. In a study that elucidated potential genetic factors and covariates affecting the clearance of (+)-and (−)-tramadol in a group of neuropathic pain patients, CYP2B6 *9 was not found to significantly contribute. 31 In the present study, the metabolic profiles with the smallest AUCs of the NDT enantiomers belonged to two individuals being CYP2D6 EMs with the CYP2B6 genotype *6/*6 and *5/*5, respectively. They also showed small AUCs of the NODT enantiomers, only the PMs showed lower values. However, a gene-dose relationship, which is commonly shown for CYP enzymes, could not be demonstrated (Figure 4) . Nevertheless, the difference, large or small, between wild-type homozygotes and heterozygotes may be substrate dependent. Also, regarding this particular pharmacokinetic parameter, not only CYP2B6 but also CYP3A4, is expected to influence the outcome.
Herein, the CYP2D6 IM with the CYP2B6 *6/*6 genotype did not show the same pronounced difference in metabolic profile, which further underlines the need of additional studies on this subject. However, from the present investigation, it is obvious that there are large interindividual differences, which must also be carefully considered in further studies. Nevertheless, an advantage with the proposed method is the possibility of combining the information of four different enantiomer ratios, given that the CYP2D6 genotype is known.
|
Both the tramadol and ODT enantiomers have been subjects of discussion regarding adverse effects. [4] [5] [6] It has been clarified that the tramadol enantiomers have different pharmacological effects, although it has not been examined if there is a difference also in their ability to produce side effects. For ODT, it is the (+)- enantiomer that has been proposed to be most potent in causing adverse effects. In further investigations on the subject, it might be well worth knowing that the (+)/(−)-enantiomer ratios increases with the time following ingestion.
| CONCLUSIONS
The most significant finding of the study was that (+)/(−)-enantiomer ratios of tramadol and its three main metabolites were positively correlated with the time following drug intake. If further investigated, the ratios might be used to distinguish a recent drug intake from a past one. Concerning the proposed association between concentrations of (+)-ODT and the risk of adverse effects, it is impor- to be confirmed in a larger study population.
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